IMPORTANCE Atrial fibrillation (AF) has been suggested as a risk factor for dementia since it may lead to chronic cerebral hypoperfusion and stroke. However, longitudinal studies assessing the association between AF and dementia have shown inconsistent results.
physiologic mechanisms of dementia are largely unknown, there is abundant evidence implicating cardiovascular disease and its risk factors.
2 Atrial fibrillation (AF) is a common cardiovascular disease in the elderly population and might be related to dementia via various pathways. 3, 4 First, the most feared complication of AF is stroke, a well-known risk factor for dementia. Second, lower cardiac output in AF leads to chronic cerebral hypoperfusion, which in turn causes damage to the brain. Third, a noncausal explanation is shared etiology because of overlapping risk factors. Within the Rotterdam Study, Ott et al 5 showed that AF is more prevalent in people with dementia. However, the crosssectional design of this study precluded conclusions regarding a causal relationship. Since then, several longitudinal studies [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] have investigated the association between AF and incident dementia, but the results have been inconsistent: some studies found that AF was associated with an increased risk of cognitive decline or dementia, whereas others found no association. These inconsistencies might be the result of methodologic variation across studies. For example, some studies had relatively small samples or short follow-up periods, which might have limited their statistical power. In addition, the age ranges differed substantially among studies, as did the assessment of AF and dementia. Therefore, within the population-based Rotterdam Study, we investigated the association between AF and dementia during a follow-up period of 20 years. We assessed the associations between prevalent AF and dementia, as well as incident AF and dementia. Furthermore, we evaluated whether these associations were independent of stroke and varied with age.
Methods

Setting and Study Population
This study was embedded within the Rotterdam Study, a prospective population-based cohort study that investigates chronic diseases in the elderly. The Rotterdam Study has been approved by the medical ethics committee of the Erasmus Medical Center and by the Ministry of Health, Welfare and Sports of the Netherlands, implementing the Population Study Act Rotterdam Study. Written informed consent was obtained from all participants; no financial compensation was provided. The Rotterdam Study started on July 6, 1989, among inhabitants aged 55 years or older residing in Ommoord, a district of Rotterdam, the Netherlands. Of the 10 215 invited inhabitants, 7983 agreed to participate in the baseline examinations. Follow-up examinations take place every 3 to 4 years. Data analysis for the present study was conducted from September 18, 2014, to April 17, 2015 . Details regarding the objective and design of the Rotterdam Study are described elsewhere.
For this study, we excluded 455 participants because they were not properly screened for dementia, 482 individuals because they had prevalent dementia, and 43 participants for lack of follow-up information on the dementia diagnosis. In addition, 489 people were excluded owing to missing data on AF. Finally, for the analyses of the association with prevalent AF, 6514 participants were included. For the analyses with incident AF, we excluded the 318 participants with prevalent AF and 2 participants owing to lack of follow-up data on incident AF, resulting in a total of 6194 participants for these analyses. After additionally censoring for stroke, we excluded 195 participants who had a stroke at baseline and 5 participants for lack of follow-up information on incident stroke. In the analysis with incident AF, only 175 participants with prevalent stroke were excluded because 25 were already omitted owing to prevalent AF.
Assessment of AF
Prevalent and incident AF was assessed using 3 methods. 19 Electrocardiography (ECGs) was performed at baseline and at each follow-up examination. These ECGs were stored digitally and analyzed by the Modular ECG Analysis System (MEANS), which has a high sensitivity and specificity in coding cardiac arrhythmias. 20, 21 To verify the diagnosis of AF, every ECG with any rhythm disorder identified by the MEANS program was coded independently by 2 research physicians who were masked to the MEANS diagnosis. In case of disagreement between the research physicians, a cardiologist decided on the final diagnosis. In addition, information for all participants concerning the presence of AF and the date of onset was obtained from family physicians and physician specialists. Finally, information on all hospital discharges from a nationwide medical registry (Landelijke Medische Registratie) was collected. The date of incident AF was defined as the date of first occurrence of symptoms with subsequent ECG verification. We did not differentiate between AF and atrial flutter when identifying cases since these conditions are very similar with regard to risk factors and consequences. 22, 23 Follow-up for incident AF was completed February 4, 2010.
Assessment of Dementia
Participants were screened for dementia at baseline and follow-up examinations using a 3-step protocol. 
Measurement of Risk Factors
Weight and height were measured at the Rotterdam Study research center, and body mass index was calculated as weight in kilograms divided by height in meters squared. Blood pressure was measured in the sitting position on the right arm and calculated as the mean of 2 measurements using a randomzero sphygmomanometer. Diabetes mellitus was defined as a fasting serum glucose level of 126.1 mg/dL or more (to convert to millimoles per liter, multiply by 0.0555), nonfasting serum glucose level of 200.0 mg/dL or more, or use of antidiabetic medication. Serum glucose, total cholesterol, and highdensity lipoprotein cholesterol levels were acquired by an automated enzymatic procedure (Boehringer Mannheim System).
Information on blood pressure-lowering medication, lipidlowering medication, educational level, and smoking habits were assessed by interview. Information on ever use of oral anticoagulant medication was collected using all prescriptions on file from the pharmacies for all participants. Smoking habits were categorized as current, former, and never smoking. Information on apolipoprotein E (APOE, NM_000041) genotype, coded as 1 or 2 ε4 alleles, was obtained using polymerase chain reaction on coded DNA samples. History of stroke, coronary heart disease (myocardial infarction or revascularization procedure), and heart failure was evaluated using home interviews and confirmed by review of medical records.
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Incident stroke was assessed continuously through automatic linkage of physicians' medical records with the study database. In addition, family physicians' medical records on participants who moved out of the Ommoord district and nursing home physicians' medical records were checked on a regular basis. Of all potential strokes, information from family physicians and hospital discharge letters were collected and reviewed by research physicians. An experienced neurologist (P.J.K.) verified the stroke diagnoses.
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Statistical Analysis
Baseline characteristics of people with and without prevalent AF were compared using logistic regression models, adjusting for age and sex where appropriate. We assessed the association between AF and incident dementia using Cox proportional hazards regression models. The underlying time scale in these models was the follow-up time. Follow-up started on the date that participants entered the Rotterdam Study. Participants were censored at the date of dementia diagnosis, date of death, or end of the study period, defined as the last date of follow-up or February 4, 2010, whichever came first. In sensitivity analyses, we additionally censored at date of stroke if a stroke occurred before the end of the follow-up period. We investigated both prevalent and incident AF in separate analyses. Prevalent AF was entered dichotomously into the models, whereas incident AF was entered into the models as a timevarying factor. In the latter analyses, participants with prevalent AF were excluded because we were not aware of the duration of the arrhythmia. The basic model (model I) was adjusted for age and sex. The extended model (model II) was additionally adjusted for diabetes mellitus, smoking, total cholesterol level, high-density lipoprotein cholesterol level, use of lipid-lowering medication, systolic and diastolic blood pressure, use of blood pressure-lowering medication, body mass index, educational level, coronary heart disease, heart failure, APOE ε4 carrier status, and ever use of oral anticoagulant medication. We separately investigated Alzheimer disease. We studied potential effect modification by age using an interaction term and by stratifying analyses at the median age. In addition, we investigated whether the association between AF and dementia differed according to duration of AF by stratifying follow-up time from onset of AF until the censor date (ie, date of dementia diagnosis or end of follow-up, whichever came first) into 3 categories: greater than 0 and 6 years or less, greater than 6 and 12 years or less, and greater than 12 years. Cutoff times were chosen to equally divide the follow-up time for AF, which was highest at 18.8 years.
Missing data on covariates (<4.0%) were imputed using multiple imputations. Analyses were performed using SPSS, version 20.0 (IBM Corp).
Results
At baseline, 318 participants (4.9%) had prevalent AF. These participants were older, used blood pressure-lowering medication more often, had lower high-density lipoprotein cholesterol levels, and more frequently had diagnoses of diabetes mellitus, coronary heart disease, and heart failure compared with participants without prevalent AF ( As measured by age-and sex-adjusted hazard ratio (HR) (95% CI), we found that people with prevalent AF had an increased risk of dementia (1.34; 1.03-1.74). Results were similar after additional adjustments. For incident AF, the adjusted HR was 1.23 (0.98-1.56) ( Table 2) . For both prevalent and incident AF, associations slightly attenuated when separately investigating Alzheimer disease. Censoring for stroke did not significantly change the results (Table 2) .
We found that the association of both prevalent and incident AF with dementia differed with age (P = .04 and .02, respectively, for interaction), with the strongest association in persons younger than the median age of the population (Table 3) . In this younger group, the association of incident AF and dementia was statistically significant (Table 3) . Furthermore, among younger participants, we found that the risk of dementia was higher when the duration of AF increased (P = .003 for trend) (Figure) . For instance, in the stratum with follow-up time exceeding 12 years, the adjusted HR (95% CI) in participants younger than the median age was 3.30 (1.16-9.38). No such trend with exposure time was seen in participants older than the median age (0.25; 0.04-1.86; P = .94 for trend). These results were similar for younger vs older participants with Alzheimer disease (1.49; 1.11-2.01 vs 0.99; 0.81-1.21) and non-Alzheimer dementia (1.44; 0.88-2.36 vs 1.08; 0.70-1.66).
Discussion
In this population-based study, we found that individuals with AF had an increased risk of dementia. This association was similar for Alzheimer disease and independent of stroke. The risk of dementia was highest in younger participants (<67 years), particularly if they had a longer period of AF. Before these results can be interpreted, several methodologic considerations need to be discussed. Strengths of the study are the population-based and prospective design, the relatively long follow-up period, and the case-finding procedure used to identify dementia. In addition, we assessed both the associations of prevalent and incident AF with incident dementia, alleviating methodologic limitations of previous crosssectional analyses of the Rotterdam Study data.
5 There are also several limitations to our study. First, we could not distinguish between persistent and paroxysmal AF. Second, AF can occur without symptoms, and although numerous ECG measurements were performed at the research center, we might have missed some participants with asymptomatic AF. Third, with the exception of oral anticoagulant use, other potential confounders were assessed only at baseline. This limitation might have led to residual confounding. Fourth, we did not have information regarding treatment following AF. It is possible that the risk of dementia for people with AF attenuates after successful treatment. Finally, the Rotterdam Study population is relatively homogeneous, consisting mostly of white individuals who live in a middle-income district, limiting generalizability of results. The increased risk of cognitive decline or dementia in people with AF has been reported by some studies 6-10,17 but not others. [11] [12] [13] [14] [15] [16] Methodologic variability is a likely explanation for these inconsistent findings. For example, smaller sample size or shorter follow-up periods might have hampered the possibility of finding an association in some studies. Other studies relied on registries, which increases the possibility of misclassification. Another important difference across studies was the age of the participants. Participants tended to be older in studies that did not find an association. In line with this notion, we found that incident AF was a risk factor for dementia only in younger participants. Since dementia develops gradually over many years, AF probably needs to occur at a younger age to contribute to the onset of dementia. Similarly, associations of other dementia risk factors, such as hypertension, hypercholesterolemia, and obesity, also appear to differ with age, with a stronger effect earlier in life. [31] [32] [33] In line with this reasoning, if AF is a causal factor in the etiology of dementia, one would expect that the longer a person has this condition, the higher the risk for dementia. We demonstrated that the risk of dementia was highest for people with the longest history of AF. However, this dose-response association was present only in younger participants. In contrast to our findings, a recent study 6 concluded that the presence of AF at midlife was not a risk factor of dementia, whereas late-life AF was a risk factor. However, survival bias might have influenced those results because only participants who survived until a reexamination in late life were analyzed. Several mechanisms could explain the association between AF and dementia. First, the association might be caused by stroke. Although our results remained similar after censoring for stroke, it remains possible that asymptomatic strokes explain the link between AF and dementia. Such asymptomatic strokes are often lacunes, which are related to an increased risk of dementia. 34 Imaging studies with long-term follow-up may aid in resolving this potential underlying mechanism. Second, the brain is vulnerable to changes in blood flow. Hence, cerebral hypoperfusion due to lower cardiac output in AF could cause damage to nerve cells. [35] [36] [37] Third, a non- A, Younger participant cohort. B, Older participant cohort. Cutoff times for categories were greater than 0 and 6 years or less, greater than 6 and 12 years or less, and greater than 12 years until the end of the follow-up time. Bullets indicate hazard ratio; limit lines, 95% CI; and the horizontal line (at hazard ratio 1) indicates no difference in hazard between exposure and nonexposure.
causal explanation is shared etiology because AF and dementia share many risk factors, such as hypertension, diabetes mellitus, and hypercholesterolemia. However, adjustment of cardiovascular risk factors did not attenuate our results. Furthermore, we found a dose-response association between AF and the risk for dementia in younger participants, which is also more suggestive of a causal association. Our finding that AF is a risk factor for dementia has important clinical implications. Given that this arrhythmia has treatment options, the risk for dementia could potentially be reduced by optimal treatment of AF. 38 The primary treatment option to prevent stroke is anticoagulant medication.
Although we adjusted for ever use of anticoagulants, we were not able to adjust for the effectiveness of the treatment. Such adjustment is important because oral anticoagulant drugs have a narrow therapeutic range. A previous study 39 has shown that, in patients receiving anticoagulants, time outside the therapeutic range is associated with an increased risk of dementia.
Furthermore, we did not have any information on treatment options for AF, such as antiarrhythmic medication, cardioversion, or catheter ablation. To our knowledge, only one previous study 40 suggested that patients with AF who underwent catheter ablation had a lower risk of dementia compared with patients who did not receive treatment. More studies are needed to investigate whether optimal treatment of AF can prevent or delay the onset of dementia.
Conclusions
We found that AF was associated with an increased risk for dementia. Furthermore, there appeared to be a dose-response association with the duration of AF. However, this association was confined to the younger cohort of our population. Future studies should determine whether optimal treatment of AF can prevent or postpone dementia.
